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I 
摘 要 
随着近代工业的迅猛发展，染料废水及重金属废水对生态环境和人类健康带
来广泛而持久的危害。作为生物质的一类，农林废弃物具备廉价、比表面积大和
官能团丰富的特点，其作为吸附剂在水处理中的应用得到了广泛研究，其中酸改
性农林废弃物提高其吸附性能是当前的研究热点，但酸改性后所产生的滤液一般
被直接排放，容易造成二次污染。本研究利用磷酸（phosphoric acid, PA）改性笋
壳（bamboo shoot shell, BSS）后所得滤液中的酸溶纤维（BSS fiber, BSSF）与壳
聚糖（ chitosan, CS）和 Fe3O4 粉末共混均匀并经过三聚磷酸钠（ sodium 
tripolyphosphate, STPP ） 交 联 后 得 到 生 物 质 基 磁 性 复 合 吸 附 剂
Fe3O4@TPP-PABSSF/CS，并将其应用于磁稳流化床（magnetically stabilized 
fluidized bed, MSFB）中，实现吸附脱附的连续操作。 
首先以复合吸附剂对染料（acid fuchsin (AF), methyl orange (MO), sunset 
yellow (SY), eriochrome black T (EBT)）和重金属离子（Pb2+, Cu2+, Ni2+, Cr3+）的
吸附性能作为主要标准，通过正交试验对 Fe3O4@TPP-PABSSF/CS 的制备工艺进
行优化，并通过傅立叶红外光谱分析仪（FTIR）、扫描电子显微镜（SEM）、透
射电子显微镜（TEM）、振动样品磁强计（vibrating sample magnetometer, VSM）
分别对优化工艺后制得的 Fe3O4@TPP-PABSSF/CS 的官能团构成、形貌特征和磁
响应性进行了表征。其次，通过单因素实验测定了吸附剂的吸附能力，并确定了
较佳的吸附操作条件；采用合适的动力学模型拟合、等温线模型拟合以及热力学
参数计算对 Fe3O4@TPP-PABSSF/CS 的吸附行为进行了描述。最后，将
Fe3O4@TPP-PABSSF/CS 应用于 MSFB 中处理废水。 
研究取得了以下结果：（1）用于处理酸性染料的复合吸附剂的优化制备工艺
为：物料配比为 V(PABSS 滤液) : m(CS) : m(Fe3O4) = 50 mL : 1.4 g : 0.4 g，STPP
浓度为 0.5%，交联温度为 20°C，交联时间为 1.0 h；用于处理重金属离子的复合
吸附剂的优化制备工艺为：V(PABSS 滤液) : m(CS) : m(Fe3O4) = 50 mL : 2.0 g : 0.3 
g，STPP 浓度为 3.0%，交联温度为 60°C，交联时间为 1.5 h。此优化工艺条件下
制备的复合吸附剂 Fe3O4@TPP-PABSSF/CS 经 FTIR 表征，证明了 PABSSF 与 CS
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II 
之间已成功复合，同时可判断 TPP 与 CS 的氨基之间产生了交联；TEM、VSM
表征证实了 Fe3O4颗粒被包埋于吸附剂中且具备顺磁性。（2）在吸附温度为室温、
吸附剂投料量为 2.0 g/L 和溶液初始 pH 值为 5.0 ~ 6.0 的条件下，复合吸附剂对
0.5 mmol/L 的 AF、MO、SY 和 EBT 四种染料在 5 min 内的去除率分别可达到
75.4%、72.8%、97.5%和 98.9%，对 1.0 mmol/L 的 Pb2+、Cu2+、Ni2+和 Cr3+四种
重金属离子的去除率分别为 70.7%、56.5%、53.2%、47.8%；经过五次循环再生
后，Fe3O4@TPP-PABSSF/CS 的再生率在 71.6% ~ 88.6%之间。通过模型拟合可知，
Fe3O4@TPP-PABSSF/CS 对染料分子主要以多层吸附和化学吸附为主，对重金属
离子的吸附主要以单层吸附和物理化学协同吸附为主；吸附剂对 AF、MO、SY、
EBT 四种染料和 Pb2+、Cu2+、Ni2+和 Cr3+四种重金属离子的最大吸附容量估算值
分别为 0.725 mmol/g、1.475 mmol/g、0.965 mmol/g、1.127 mmol/g和 0.523 mmol/g、
0.457 mmol/g、0.505 mmol/g、0.244 mmol/g；吸附在低温下均能自发进行。（3）
所制得的复合吸附剂在 MSFB 中的应用实现了对染料和重金属模拟废水的连续
吸附操作，在废水流速为 0.09×10-2 m/s ~ 0.11×10-2 m/s 和磁场强度为 11.0 mT 时
进行操作，对 0.5 mmol/L 的染料废水和 0.1 mmol/L 的重金属废水的处理效果要
分别优于 0.05 mmol/L 的染料废水和 1.0 mmol/L 的重金属废水。 
本研究成功制备了一种性能优于纯 CS 的生物质基磁性复合吸附剂，适用于
处理染料和重金属废水，同时具备较佳的再生性能，并能应用于 MSFB 中实现
连续操作，具备工业化应用的前景。 
 
关键词：废水处理；农林废弃物；复合吸附剂；磁稳流化床；连续操作 
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Abstract 
With the fast development of modern industry, wastewater pollution of dyes and 
heavy metals is becoming more and more serious, causing a series of environmental 
and health problems. Agricultural and forestry waste (AFW), one category of biomass, 
is suitable for water treatment because of its low cost, large specific surface area and 
abundant functional groups. Acid modified AFW as an adsorbent used in water 
treatment is a research hotspot nowadays. However, the utilization of the filtrate from 
the modification process has never been scrutinized. Moreover, discharging the filtrate 
directly will easily cause secondary pollution. In this study, an effective method to 
utilize the filtrate collected from the process of phosphoric acid (PA) modified 
bamboo shoot shell (BSS) was provided. According to the properties of chitosan 
(chitosan, CS), the dissolved fibers of BSS (BSSF) in the filtrate were blended with 
CS and Fe3O4 powder and then crossed by sodium tripolyphosphate (STPP) to prepare 
the magnetic composite adsorbent (Fe3O4@TPP-PABSSF/CS). And it was applied in 
magnetically stabilized fluidized bed (MSFB) to treat wastewater and brought about 
the continuous operation of adsorption and desorption. 
Firstly, the orthogonal experiments were conducted in this study to optimize the 
preparation process of biomass-based magnetic composite adsorbent 
Fe3O4@TPP-PABSSF/CS. The adsorption performance of dyes (AF, MO, SY, EBT) 
and heavy metals (Pb
2+
, Cu
2+
, Ni
2+
, Cr
3+
) from aqueous solution was selected as the 
main performance evaluation criteria of the new adsorbent. The functional groups, 
morphology and magnetic responsiveness of the adsorbent prepared under the optimal 
conditions were characterized by FTIR, SEM, TEM and VSM (vibrating sample 
magnetometer), respectively. Secondly, the adsorption capacity and the optimal 
operation conditions of Fe3O4@TPP-PABSSF/CS were determined through the single 
factor adsorption experiments. The adsorption process was described by kinetic 
models fitting, isotherm models fitting and calculating of the thermodynamic 
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parameters. Finally, Fe3O4@TPP-PABSSF/CS adsorbent was applied to treat 
wastewater in MSFB. 
The research results are as follows: (1) The optional preparation conditions of 
Fe3O4@TPP-PABSSF/CS for dyes adsorption were: feeding ratio, V(PABSS filtrate) : 
m(CS) : m(Fe3O4) = 50 mL : 1.4 g : 0.4 g; crosslinking agent concentration, C = 0.5%; 
crosslinking temperature, T = 20°C; crosslinking time, t = 1.0 h, respectively. And the 
optional conditions for heavy metals adsorbent were: V(PABSS filtrate) : m(CS) : 
m(Fe3O4) = 50 mL : 2.0 g : 0.3 g, CSTPP = 3.0%, Tcrosslinking = 60°C, tcrosslinking = 1.5 h. 
FTIR analysis preliminarily confirmed that PABSSF and CS had combined 
successfully. TEM and VSM characterization proved that Fe3O4 powder was 
successfully embedded in the adsorbent with favorable paramagnetism. (2) At ambient 
temperature, when the adsorbent dose was 2.0 g/L and pH value was 5.0 ~ 6.0, the 
removal rates of dyes (AF, MO, SY, EBT) on Fe3O4@TPP-PABSSF/CS were 75.4%, 
72.8%, 97.5%, 98.9%, respectively within 5 min. While the data for Pb
2+
, Cu
2+
, Ni
2+
 
and Cr
3+
 could reach 70.7%, 56.5%, 53.2%, 47.8%, respectively within 15 min. Reuse 
studies revealed that the reuse rate of Fe3O4@TPP-PABSSF/CS maintained at 71.6% 
~ 88.6% after repeated use 5 times compared with the fresh one. By fitting to the 
models, the adsorption of dyes was related to the multilayer and chemical adsorption 
while that of heavy metal ions mainly due to the monolayer and synergistic adsorption. 
The fitted values of maximum adsorption capacity of dyes (AF, MO, SY, EBT) on 
adsorbent were 0.725 mmol/g、1.475 mmol/g、0.965 mmol/g and 1.127 mmol/g, 
respectively. While the data for heavy metals (Pb
2+
, Cu
2+
, Ni
2+
 and Cr
3+
) were 0.523 
mmol/g、0.457 mmol/g、0.505 mmol/g and 0.244 mmol/g. In addition, the adsorption 
process was spontaneous and exothermic, and would happen at low temperature. (3) 
The application of Fe3O4@TPP-PABSSF/CS in MSFB made continuous operation 
possible for dyes and heavy metals treatment. The velocity range of 0.09×10
-2
 m/s ~ 
0.11×10
-2
 m/s and magnetic field strength of 11.0 mT were the suitable operating 
conditions for MSFB. And as the wastewater concentration was Cdye = 0.5 mmol/L 
and Cheavy metal = 0.1 mmol/L, the treatment efficiency of MSFB were higher than that 
of Cdye = 0.05 mmol/L and Cheavy metal = 1.0 mmol/L. 
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The biomass-based magnetic composite adsorbent Fe3O4@TPP-PABSSF/CS was 
successfully prepared in this study. When used in dyes and heavy metal ions 
adsorption it has the higher adsorption efficiency than that of CS. And it can be reused 
effectively. In addition, Fe3O4@TPP-PABSSF/CS could be applied in MSFB to 
achieve continuous operation in wastewater treatment. In general, the technique in this 
study provides us with optimistic outlook for the practical application in wastewater 
treatment. 
 
Keywords: Wastewater treatment; Agricultural and forestry waste; Composite 
adsorbent; Magnetically stabilized fluidized bed; Continuous operation
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第一章 绪论 
1.1 废水污染及处理研究概述 
随着我国工业化进程的迅猛发展，纺织印染、电镀、冶金等行业遍地开花，
但由于环保意识薄弱、设备配套不足、法律法规落实不到位等原因，水体污染情
况日益严峻，对自然环境和人们的健康造成了严重威胁。一种适应性强、效果好
的处理方法的研究显得尤为重要。 
1.1.1染料和重金属废水的污染及危害 
1.1.1.1 染料废水污染及危害 
染料在人类生活中扮演这重要的角色，它广泛应用于纺织印染、食品医药和
化妆品等行业，用于商业贸易的染料种类已超过 10 万种。我国作为一个染料工
业大国，据统计，2013 年的染料年产量就多达 90 多万吨，占世界年产量的 70%
左右[1]，位居世界染料产量前列。另据 2013 年环境统计年报的数据显示，我国
染料废水的年排放量高达 21.5 亿吨，占了工业废水总排放量的 11.2%[2]，染料废
水的大量排放不单造成物料的浪费，还容易引发环境问题。 
染料的来源很广，这与其品种较多、生产过程较复杂有关，其主要来源于各
种产品及其中间体在结晶过程所产生的母液、生产过程中所流失的物料、各生产
阶段的冲洗废水以及设备清洗和冲刷地面产生的废水等，它具有以下几个特点： 
（1）色度高。染料分子的显色性能很强，废水浓度即便很低，也可使水体
产生明显的颜色，加上染料分子多数较稳定，进入环境水域后难以自然降解，极
易影响入射光线量而导致水体缺氧，影响了水生生物的正常生命活动。 
（2）可生化性差。在染料的生产和使用过程中可能用到大量的酸碱，从而
使废水的酸碱度变化较大；同时，从原料到染料成品过程中往往操作繁杂，副反
应较多，从而导致流失较大，废水中成分复杂；再加上染料结构复杂、种类繁杂，
生产过程具有间歇性，也会导致水质波动较大，难以生化处理。 
（3）化学需氧量(COD)大。由于染料的生产原料主要为芳香族、蒽醌系、
苯胺、硝基苯和酚类等，这容易导致废水中含有大量的有机中间体，使废水中
COD 数值较大，通常紫外线、洗涤剂、氧化剂、普通微生物均不能使染料褪色
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或降解[3]。 
（4）毒性强[4]。染料及其中间体多为芳族化合物，具致癌、致畸、致突变
等效应，生物毒性较强，有些染料品种已被列为致癌性测试的优先化学物质，若
处理不当而排入环境，不但对水生生物带来危害，而且会随食物链最终进入人体，
威胁人类的生命健康。 
因此，染料废水的处理已成为企业急需解决的问题。主要有两种处理方式，
一是源头治理，尽量减少废水的产生；二是终端治理，在染料废水排放前通过各
种水污染控制手段，使之达到国家排放标准。 
1.1.1.2 重金属废水污染及危害 
重金属是指密度 4.0 g/cm3以上的约 60 种元素或密度在 5.0 g/cm3以上的 45
种元素[5]。重金属以不同形式广泛分布于大气、土壤和水体沉积物，最终主要储
存于水体沉积物[6]。在水环境中，经过水体和沉积物固液两相间的交换反应，重
金属在水体和沉积物表层的分布会达到平衡。当环境变化时，表层沉积物中的重
金属形态将发生转化并且释放出来。在无人为污染的情况下，水体中重金属的含
量取决于水体与土壤、岩石的相互作用，其浓度值一般在自然环境的承受范围内。
但近几年来，随着电镀、电子、冶金、皮革行业的迅猛发展，加上人们环保意识
的薄弱和法律法规的漏洞，无达标排放的情况屡有发生，导致水体重金属含量日
益增加。废水中重金属种类、形态和浓度均与其所在行业类别有关，各有不同。
含重金属废水及其来源如表 1-1 所示[7]。 
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